Chikungunya virus (CHIKV) is the causative agent of Chikungunya fever (CHIKF), an acute and an excruciatingly painful, musculoskeletal illness. CHIKV is a positive-sense, single-stranded RNA virus belonging to *Alphavirus* genus within the *Togaviridae* family. During the last decade, outbreaks of CHIKV have occurred among islands in the Indian Ocean, Australia, Southeast Asia, Africa, and India. Since December 2013 more than 1.5 million suspected and 75 thousand confirmed cases have been reported in the Americas[@b1]. CHIKF symptoms develop 3--5 days after infection and usually include fever, joint and muscle pain, rash, nausea and headache. In up to 57% of the cases, musculoskeletal pain may persist for years[@b2][@b3][@b4]. Rarely, fatal cases occur and this is typically in patients with underlying conditions[@b5][@b6][@b7][@b8][@b9]. The host's innate immune response plays an important role in the control as well as the pathogenesis of CHIKV infection. Type-I interferon (IFN) signalling is an important factor that determines susceptibility to CHIKV severe disease[@b10]. High levels of type-I IFN, interleukin 1 beta (IL-1β), interleukin 6 (IL-6), monocyte chemoattractant protein (MCP-1/CCL2) and tumor necrosis alpha (TNF-α) in plasma of CHIKV patients correlate with high viral titters and severe disease[@b11][@b12][@b13][@b14][@b15]. Although the exact mechanism underlying musculoskeletal illness is not entirely understood, *in vivo* studies indicate a pathogenic role of soluble immune mediators and tissue-infiltrating monocytes[@b11][@b15][@b16][@b17][@b18][@b19]. For example, Labadie *et al.* found extensive macrophage infiltration in tissues of CHIKV-infected macaques and Gardner *et al.* showed that arthritic symptoms were associated with foci of inflammatory cells infiltrates, mainly monocytes, macrophages and natural killers, in synovial tissue of C57BL/6 mice infected with CHIKV[@b16][@b17]. Indeed, excessive production of factors involved in migration and activation of immune cells, such as IL-6, interferon gamma (IFN-γ), and MCP-1, in infected tissues could explain the features observed in CHIKV pathogenesis.

MCP-1 is encoded by the ccl2 gene and is produced in several cell types, including macrophages and fibroblasts[@b20]. Stimulation can occur directly through activation of pattern recognition receptors (PRR) and/or by cytokines such as, *inter alia,* IFNβ, IL-6 and TNFα[@b21][@b22][@b23][@b24][@b25]. MCP-1 acts as a chemo-attractant for monocytes as well as some other immune cells such as memory T lymphocytes and natural killer cells[@b20]. MCP-1-mediated migration of monocytes from the blood stream across the vascular endothelium is essential for routine immunological surveillance of tissues, as well as in response to inflammation[@b26]. Indeed, MCP-1 knockout mice have impaired monocyte recruitment following intraperitoneal thioglycolate administration, as well as in response to viral infection including influenza A virus, coronavirus and West Nile virus (WNV)[@b27][@b28][@b29][@b30]. Similarly, MCP-1 receptor knockout mice show increased cellular infiltration and develop more severe disease than wild type mice following infection with influenza virus, WNV and CHIKV[@b31][@b32][@b33]. On the other hand, inhibition of MCP-1 synthesis with use of bindarit protects against CHIKV-induced bone loss, arthritis and myositis in a mouse model of acute CHIKV disease[@b34][@b35].

Despite the dual role of MCP-1 in CHIKV-mediated disease, our understanding of how the chemokine is controlled in the course of infection is limited. High MCP-1 serum levels are detected during in the acute phase of the infection in humans and laboratory animals, and coincide with the viremic period[@b4][@b17][@b36]. *In vitro,* CHIKV infection in whole blood stimulates MCP-1 production[@b37], although the source and the mechanism of MCP-1 upregulation upon the infection remain elusive. Here, we deciphered the source and mechanism of MCP-1 upregulation during CHIKV infection in human peripheral blood mononuclear cells (PBMCs).

Results
=======

Rapid MCP-1 production during CHIKV infection in PBMCs
------------------------------------------------------

First, we confirmed that PBMCs secrete MCP-1 upon CHIKV infection. To this end, cells were infected with CHIKV-LR Opy-1 strain at a multiplicity of infection (MOI) of 1, 5 or 10. MCP-1 levels were measured over time in the cell supernatants (SN) while the cells were harvested for intracellular MCP-expression analysis at 24 hpi. [Figure 1A](#f1){ref-type="fig"} shows a representative time course of MCP-1 levels following CHIKV infection (left panel) and an average of the maximum increase of MCP-1 scored for all donors at different time points (right panel) in the cell supernatant. CHIKV stimulated a rapid increase in MCP- production, with initial chemokine detectable levels at 6hpi. Despite some variability among donors in the MCP-1 basal expression, CHIKV infection increased the levels of MCP-1 on average 2- to 3-fold between 24--48 hpi. Intracellular staining of MCP-1 confirmed the increase in expression of MCP-1 following CHIKV infection ([Fig. 1b](#f1){ref-type="fig"}). Also, and in line with previous studies[@b37], non-replicative, UV-inactivated CHIKV (UV-CHIKV) did not trigger an increase in MCP-1 expression inferring that CHIKV replication is required for MCP-1 induction in PBMCs.

Monocytes are the primary source of MCP- 1 during CHIKV infection in PBMCs
--------------------------------------------------------------------------

We next sought to disclose the cellular source of MCP-1 following CHIKV infection of PBMCs. Within blood, CD14^+^ monocytes are believed to be the major source of MCP-1[@b38]. Nonetheless, Her *et al.* reported that monocytes do not produce MCP-1 following CHIKV infection[@b37]. To elucidate the source of the chemokine upon CHIKV infection, mock and CHIKV-infected PBMCs were subjected to flow cytometric analysis as described in Methods section.

As CHIKV is known to cause cytopathic effects in some cells, we first assessed the viability of the cells following infection and its effect on CD14 expression at 24 hpi. As shown in [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}, we did not observe changes in cell viability or CD14 expression as a result of CHIKV infection. At 48 hours post infection levels of CD14 decreased in all experimental conditions (data not shown). Next, we gated the CD14^+^ (monocytes) vs CD14^−^ (non-monocytes) cells and compared MCP-1 expression levels following CHIKV infection. Surprisingly, increased MCP-1 expression levels were found following active CHIKV infection in monocytes ([Fig. 2a](#f2){ref-type="fig"}), suggesting that these cells are the source of MCP-1 production. Monocytes have been also proposed to be the cellular vehicle for virus dissemination[@b4][@b16][@b37] and therefore we aimed to investigate whether intracellular MCP-1 expression was restricted to only infected monocytes. Accordingly, we performed flow cytometric analysis to search for CHIKV E2 and MCP-1-positive PBMCs. Disappointingly; the frequencies of CHIKV^+^ monocytes were negligibly low at conditions with high MCP-1 expression. At MOIs high enough to detect convincing numbers of CHIKV^+^ monocytes (MOI 50 and higher, data not shown) however, we did not observe increase in MCP-1 secretion (nor expression), signifying that infection at such high MOI changes cytokine pattern considerably[@b39].

To verify that CD14^+^ cells are indeed the main source of MCP-1 during CHIKV infection in PBMCs, we compared it to the levels of MCP-1 secreted by monocytes and monocyte-depleted PBMCs (MoΔPBMCs) from the corresponding donors ([Fig. 2b](#f2){ref-type="fig"}). Counterintuitively however, no MCP-1 stimulation was observed upon infection of monocytes ([Fig. 2b](#f2){ref-type="fig"}) at any MOI tested ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Nonetheless, depletion of monocytes (on average 96% CD14^+^ cells was depleted) abrogated CHIKV-mediated secretion of the chemokine ([Fig. 2b](#f2){ref-type="fig"}). Incubation of non-infected monocytes with the SN of infected MoΔPBMCs also did not stimulate MCP-1 production (not depicted), confirming that infection of monocytes was imperative to lead to the production of this chemokine. Addition of IL-6, used as a positive control, stimulated MCP-1 production in all cell preparations ([Fig. 2c](#f2){ref-type="fig"}), indicating that positive selection did not affect the capacity of the cells to produce MCP-1 and was not the reason for the lack of MCP-1 secretion by infected monocytes. Thus far, these results implied that presence of other leukocytes was crucial for the chemokine production in the context of CHIKV infection. To test this, infected monocytes were cultured in the presence or absence of non-infected or infected MoΔPBMCs in a transwell co-culture system. In agreement with the data presented in [Fig. 2b](#f2){ref-type="fig"}, neither monocytes nor MoΔPBMCs secreted MCP-1 upon CHIKV infection ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). In contrast, when infected monocytes could exchange soluble factors with other leukocytes, a significant increase (p \< 0.5) in MCP-1production was observed ([Fig. 2d](#f2){ref-type="fig"} left panel). In effect, the increase in the chemokine levels was comparable to that found in the infected PBMCs of the corresponding donors ([Fig. 2d](#f2){ref-type="fig"} right panel), although the additive role of the cell-to cell contact cannot be excluded. Notably, the increase of MCP-1 was observed regardless of whether MoΔPBMCs were exposed to the virus or not. Altogether, these data suggest that CHIKV infection of monocytes triggers a communication loop with other leukocytes that ultimately leads to MCP-1 upregulation and production in monocytes.

Monocytes require IFNβ-mediated communication with other leukocytes to produce MCP- 1 in response to CHIKV infection
--------------------------------------------------------------------------------------------------------------------

Next, we sought to disclose the soluble factor involved in MCP-1 upregulation. It has been proposed that IFN type I can modulate MCP-1 secretion in a concentration- dependent manner[@b23][@b40]. Type I IFNs are also readily produced in course of CHIKV infection[@b37]. Analysis of SN of PBMCs and monocytes revealed that CHIKV infection triggers MOI-dependent production of IFNβ but not that of IFNα ([Supplementary Figs S4 and S5](#S1){ref-type="supplementary-material"}). Therefore, we hypothesized that IFNβ stimulation via IFNαβ receptor (IFNAR) played a role in CHIKV infection mediated MCP-1 production in PBMCs. Indeed, pre-incubation of these cells with αIFNAR1/2 antibody abolished CHIKV-mediated MCP-1 production ([Fig. 3a](#f3){ref-type="fig"}). A similar effect was achieved when JAK1/2-STAT signalling downstream of IFNAR was inhibited by Ruxolitinib (Rux) during CHIKV infection and/or IFNβ stimulation ([Fig. 3b](#f3){ref-type="fig"}). Together, these results strongly suggest that IFNβ-mediated signalling is responsible for the MCP-1 production in course of the infection. To substantiate the role of IFNβ in the communication between monocytes and other leukocytes, we next tested whether stimulation of MoΔPBMCs with IFNβ alone for 4 hours prior to their co-culture with monocytes could induce MCP-1 secretion in monocytes. Indeed, as shown in [Fig. 3c](#f3){ref-type="fig"}, addition of IFNβ-pre-treated MoΔPBMCs (washed cells) to monocyte monoculture increased levels of the chemokine after 24 hours of co-culture. As expected, stimulation of MoΔPBMCs with IFNβ did not result in MCP-1 production in the absence of monocytes. In summary, we propose a model of IFNβ-driven communication of infected monocytes with other leukocytes that is essential for MCP-1 secretion upon CHIKV infection in PBMCs ([Fig. 4](#f4){ref-type="fig"}).

Modulation of MCP-1 does not affect virus replication
-----------------------------------------------------

*In vivo*, the increase of levels of MCP-1 coincides with the increase in CHIKV titres[@b11][@b13][@b36]. Moreover, neutralizing MCP-1 has been shown to induce interferon-stimulated genes (ISGs) including ISG15 which is known to directly affect CHIKV infection[@b41][@b42][@b43]. Therefore, we investigated whether modulation of this chemokine influences CHIKV replication in PBMCs. Accordingly, we either neutralized endogenous MCP-1 levels by means of an anti-MCP-1 antibody ([Supplementary Fig. S6](#S1){ref-type="supplementary-material"}) or performed infection in the presence of increasing concentrations of human recombinant MCP-1 (hrMCP-1) as described in Methods section. Genome-equivalent copies (GEc) and infectious (PFU) titres measured on the supernatants of cells recovered 24 hpi are shown for both treatments. As evidenced by [Fig. 4](#f4){ref-type="fig"} neither the neutralization ([Fig. 5a](#f5){ref-type="fig"}) nor the addition of MCP-1 ([Fig. 5b](#f5){ref-type="fig"}) had a modulating effect on CHIKV production.

Discussion
==========

In this study we examined the role and the mechanism of MCP-1 production in CHIKV infection of PBMCs. Our data demonstrates that monocytes are the primary source of MCP-1 during CHIKV infection. Monocytes require IFNβ-mediated communication with other leukocytes for MCP-1 production ([Fig. 4](#f4){ref-type="fig"}). In addition, we show that MCP-1 had no direct effect on the levels of virus progeny.

MCP-1 secretion following active CHIKV infection in PBMCs was dependent on IFNβ. This is in line with the study by Pattison and colleagues, which showed IFNβ is required to sustain MCP-1 production in response to TLR3 activation in bone marrow derived macrophages (BMDMs)[@b24]. Also, in monocytes IFNβ can stimulate MCP-1 production[@b23]. Yet, despite the detectable levels of IFNβ following CHIKV infection of monocytes at high MOI ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}), we found no MCP-1 production in these cells, which might indicate that the autocrine effect of IFNβ was blocked during CHIKV infection. This phenomenon could, at least in part, be explained by the fact that CHIKV impedes the ability of infected cells to respond to type I interferon by preventing IFN-induced gene expression[@b44]. It remains to be seen why non-infected, bystander monocytes did not secrete MCP-1.

Infected monocytes required IFNβ/IFNAR mediated communication with other leukocytes to secrete MCP-1 upon CHIKV infection. In fact, IFNβ-stimulated MoΔPBMCs were able to trigger MCP-1 production in monocytes. Hence, MCP-1 secretion was regulated by yet an unknown soluble factor or factors triggered downstream of IFNAR signalling. MCP-1 levels are known to be controlled by several cytokines including, TNF-α, IL-10, IL-1β and IL-6[@b21][@b23][@b25][@b45]. Indeed, in our experiments, addition of IL-6 but not CHIKV infection stimulated MCP-1 production in monocytes. This suggests that IL-6 was either not produced by monocytes upon infection, or it was present in amounts insufficient to trigger MCP-1 amplification loop[@b46]. In fact, lack of IL-6 (and MCP-1) production in CHIKV-infected monocytes, despite its presence in *in vitro* infected whole blood samples, was also reported by Her and colleagues[@b37]. We therefore deduced that IL-6 is one of the IFNβ-stimulated cytokines responsible for MCP-1 production, and that it is produced by cells other than monocytes. Counterintuitively however, treatment of PBMCs with Ruxolitinib prior to addition of IFNβ, increased the levels of IL-6 (Ruiz Silva, unpublished) while abolishing MCP-1 production completely. Our ongoing studies focus at the disclosure of the identity and the source of IFNβ-stimulated soluble mediator(s) that govern the MCP-1 upregulation in monocytes upon CHIKV infection in PBMCs.

Several viruses induce MCP-1 expression upon infection and it has been shown that the chemokine promotes replication of human immunodeficiency virus (HIV) in macrophages[@b42][@b47]. Here we showed for the first time that despite the apparent correlation between MCP-1 and CHIKV titre early in infection[@b4][@b17][@b36], this chemokine does not play a direct role in CHIKV replication. Yet, it is important to note that in our experimental set up no influx of new target cells was possible. Thus, we cannot rule out a scenario, in which increased levels of MCP-1 in the circulatory system result in an augmented recruitment of monocytes from bone marrow and thereby in an increased pool of cells susceptible to infection[@b29][@b48][@b49]. Indeed, in mice, inhibition of MCP- 1 with bindarit led to significantly reduced titre of CHIKV at the site of infection[@b34]. On the other hand, it has been previously suggested that IFNβ-stimulated increase of MCP-1 can contribute to the MCP-1-mediated inhibition of the CCR2 expression and thereby reduce the responsiveness of monocytes to this chemokine[@b50]. Future research should evaluate whether chemokine and migration receptors are differentially regulated in CHIKV infected vs bystander cells.

In conclusion, our data discloses the complexity of MCP-1 regulation in PBMCs upon CHIKV infection. The crucial role of IFNβ in the induction of MCP-1 in monocytes suggests that balance between these cytokines may be important for an appropriate host response to CHIKV infection.

Methods
=======

Cells
-----

Vero E6 (a gift from Dr. G. Pijlman, Wageningen University) and Vero WHO (ATCC) were cultured in DMEM (Life Technologies) containing 10% Fetal Bovine Serum (FBS), penicillin (100 U/ml), streptomycin (100 μg/ml), 10 mM HEPES, and 200 mM glutamine. PBMCs were maintained in RPMI 1640 medium supplemented with 10% FBS. Human PBMCs were isolated from Buffy coats using standard density gradient centrifugation procedures with Ficoll-Paque PLUS (GE Healthcare), as described previously. The buffy coats were obtained from healthy volunteers with informed consent from Sanquin blood bank, in line with the declaration of Helsinki. The PBMCs were cryopreserved at −150 °C.

Isolation/Depletion of CD14^+^ monocytes
----------------------------------------

Monocytes were isolated from thawed PBMCs using the Magnisort human CD14 positive selection kit (eBioscience). Briefly, a single-cell suspension containing 1 × 10^8^ PBMCs per mL of cell separation buffer (PBS, 3% FBS, 10mM EDTA) was prepared. Cells were then incubated for 10 min with 20 μL of anti-human CD14 Biotin per 100 μL of cell suspension. Cells were washed and resuspended in separation buffer. Then 30 μL of Magnisort Beads per 100 μL of cell suspension were added. Following 10 min of incubation a magnet was used to remove the bead-bound CD14^+^ cells from the remaining PBMCs. The unbound CD14^-^ cells were also collected. Isolation efficiency was determined by flow cytometry staining with anti-human CD4-PE and anti-human CD14-APC (both, eBioscience).

Virus and virus titrations
--------------------------

CHIKV (La Reunion OPY1) was a gift from A. Merits (University of Tartu, Estonia), and was produced from infectious cDNA clones and passaged twice in Vero E6 cells[@b51]. Virus preparations were analysed with respect to the infectious titre and the number of genome equivalents copies, as described previously[@b52]. Briefly, the infectious virus titre was determined by standard plaque assay on Vero-WHO cells at 37 °C and reverse transcriptase quantitative PCR (RT-qPCR) was used to determine the number of genome equivalents copies (GEc).

Virus inactivation was obtained by 1.5 h incubation of virus aliquots under UVS-28 8 watt Lamp. Inactivation to below level of detection 35 PFU/mL was assessed using standard plaque assay in Vero-WHO cells.

Intracellular staining
----------------------

PBMCs (6 × 10^5^ cells/ well) were thawed in RPMI 1640 medium supplemented with 5% FBS and incubated at 37 °C with CHIKV at the indicated MOI. 2 hpi the viral inoculum was removed and the cells were resuspended in complete media and incubated at 37 °C for 18 h. Brefeldin A (Life Technologies) was added 20 hpi to a final concentration of 10 μg/mL and 4 h later (24 hpi) the cells were collected and stained with LIVE/DEAD Fixable Violet Dead Cell Stain (ThermoFisher Scientific), anti-human CD19-FITC and anti-human CD14-APC (both, eBioscience). Following fixation and permeabilization cells were intracellularly stained with anti-human MCP-1-PE (eBioscience). MCP-1 expression was analysed by flow cytometry.

Inhibition of JAK1/2 signalling
-------------------------------

PBMCs were thawed in RPMI 1640 medium supplemented with 5% FBS and pretreated with Ruxolitinib (5 μM, Invivogen) for 2 h at 37 °C. Then the cells were infected with CHIKV at the indicated MOI and/or stimulated with IFNβ (500 U/mL, eBioscience). Ruxolitinib was added to maintain the 5 μM concentration during infection. After 2 h incubation at 37 °C, the inoculum was removed and fresh medium containing IFNβ (500 U/mL) or Ruxolitinib (5 μM) was added to the cells. At 24 hpi, cell-free supernatant was collected and cytokine production was analysed by ELISA.

Blocking of IFNAR
-----------------

PBMCs were infected (MOI 1, 5 and 10) in the presence of IFN-α/β receptor chain 2 neutralizing antibody (1, 2 or 5 μg/mL, Mab 1155, clone MMHAR-2; Millipore) for 2 h at 37 °C. The inoculum was removed and fresh medium containing the corresponding antibody concentration was added to the cells. At 24 hpi, cell-free supernatant was collected and cytokine production was analysed by ELISA.

Co-culture of monocytes with IFNβ pre-stimulated Mo∆PBMCs
---------------------------------------------------------

Immediately after isolation, 1 × 10^5^ Mo∆PBMCs were incubated for 4 h with IFNβ (500 U/mL). Next, the cells were washed and added to the same amount of unstimulated monocytes. After 24h of co-culture cell-free supernatant was collected and cytokine production was analysed by ELISA as described here below.

Time course analysis
--------------------

After 2 h incubation at 37 °C, the inoculum was removed and fresh medium was added to the cells. For all donors tested, cell-free supernatants were collected at each indicated time point, divided into 2 aliquots and stored for subsequent analyses of cytokine and virus production, respectively.

Co-culture experiments in transwell system
------------------------------------------

2 hours prior to co-culture, cells were infected at the indicated MOI (1, 5 or 10). After removal of the inoculum cells were co-cultured with 1 × 10^5^ infected, mock-infected or cells treated with 10 ng/μL human recombinant IL-6 (Bio-Connect) in a final volume of 200 μL in 96-transwell plates (0,4 μm pore size, Corning). Monocytes were always placed at the bottom compartment while Mo∆PBMCs were placed at the top compartment of the well. Cell-free supernatants were collected 24 hpi and MCP-1 concentration was determined by ELISA as described below.

Addition of hrMCP-1
-------------------

PBMCs were infected in the presence hrMCP-1 (50 to 10000 pg/mL; R&D Systems). 2 hpi the viral inoculum was removed and replaced by fresh medium containing hrMCP-1 to maintain the treatment concentration. At 24 hpi, cell-free supernatant was collected and viral production was determined by plaque assay and qPCR.

Neutralization
--------------

PBMCs were pretreated with different concentrations (1.25, 2.5 and 5 μg/mL) of anti-MCP-1 antibody (clone 5D3-F7; eBioscience) or an isotype control (mouse IgG1 K; eBioscience). The following day (20 hpi) the cells were infected with CHIKV at MOI 1, 5 and 10. 2 hpi the viral inoculum was removed and replaced by fresh medium containing the corresponding antibody. At 24 hpi, cell-free supernatant was collected and viral production was determined by plaque assay and qPCR.

Flow cytometry
--------------

To measure the number of infected cells, PBMCs were fixed at 24 or 48 hpi, and stained using CHIKV E1- specific rabbit antibody (a kind gift from Dr. G. Pijlman) and secondary chicken anti-rabbit AF647 (Life Technologies). Data acquisition was performed on a BD FACSVerse flow cytometer (Becton, Dickinson). Data was analyzed using Kaluza 1.2 (Beckman Coulter).

Determination of MCP-1 concentration
------------------------------------

MCP-1 and other cytokines (including IFNα, IFNβ, IL-6) levels were measured in cell-free supernatants using hMCP-1 Ready-steady-Go ELISA and ProcartaPlex (both from eBioscences) according to respective manufacturer's instructions.

Statistics
----------

All data are expressed as mean with bars representing standard error of the mean (s.e.m) (unless specified). Unless indicated one-tailed unpaired student's *t-*test was used for analysis in GraphPad Prism 5 application. Values of \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001 were considered significant.
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![MCP-1 production during CHIKV infection in PBMCs.\
(**a**) Left, time course analysis of MCP-1 levels in supernatant of mock- and CHIKV-infected PBMCs, representative results from one donor. Right, fold change in MCP-1 concentration in the supernatant of CHIKV-infected PBMCs. At least three different donors per time point were analysed, n ≥ 3. Error bars show s.e.m. Two-way ANOVA with Bonferroni's multiple comparison test was used for statistical analysis. (**b**) Upregulation of MCP-1 expression at 24 hpi was observed in response to replication competent CHIKV but not to UV-inactivated CHIKV (UV-CHIKV). Bars represent mean fold change over mock-infected cells + s.e.m. One-way ANOVA with Bonferroni's multiple comparison test was used for statistical analysis. At least three different donors were analysed, n ≥ 3.](srep32288-f1){#f1}

![Monocytes are the primary source of MCP-1 among PBMCs in response to CHIKV infection however they require other cells to be able to produce it.\
(**a**) CHIKV-induced MCP-1 expression was found primarily in monocytes (defined as CD14^+^ cells). Bars represent mean + s.e.m., n = 3. (**b**) Infection of monocyte-depleted PBMCs (Mo∆PBMCs) or monocytes did not result in MCP-1 production 24 hpi. Infection of PBMCs from the same donors stimulated MCP-1 secretion. Bars represent mean + s.e.m., n = 3. (**c**) Monocytes, Mo∆PBMCs and PBMCs produced MCP-1 in response to IL-6 stimulation. Bars show mean fold increase over non-stimulated cells + s.e.m., n ≥ 3. (**d**) Transwell co-culture of Mo∆PBMCs with infected monocytes (infMonocytes) restored the capacity of the latter to secrete MCP-1. The right panel shows MCP-1 production of PBMCs from the same donors used in the transwell co-culture experiments. Bars represent mean fold increase over mock-infected (Monocytes + Mo∆PBMCs) + s.e.m., n = 3.](srep32288-f2){#f2}

![Monocytes require IFNβ-mediated communication with other leukocytes to produce MCP- 1 in response to CHIKV infection.\
(**a**) Treatment of PBMCs with αIFNAR1/2 antibody abolished CHIKV-mediated MCP-1 production. Bars represent mean + s.e.m., n = 3. (**b**) Treatment of PBMCs with JAK inhibitor Ruxolitinib (Rux) reduced IFNβ- and CHIKV-mediated MCP-1 production. Bars represent mean + s.e.m., n ≥ 2. (**c**) Addition of IFNβ-pretreated MoΔPBMCs to monocytes triggered MCP-1 production measured 24 h post co-culture. Bars represent mean + s.e.m., n = 2.](srep32288-f3){#f3}

![Model of MCP-1 upregulation upon chikungunya virus infection in human PBMCs.\
(1) CHIKV infection of monocytes triggers (2) the production of IFNβ. (3) Other leukocytes are stimulated by IFNβ and produce (4) one or a combination of soluble factors that stimulates MCP-1 expression in monocytes.](srep32288-f4){#f4}

![Modulation of MCP-1 levels in the course of infection had no effect on CHIKV production.\
(**a**) Neutralization of MCP-1 before and during CHIKV infection of PBMCs had no effect on virus replication. Bars represent mean + s.e.m., n = 2. (**b**) CHIKV infection in the presence of increasing concentrations of human recombinant MCP-1 (hrMCP-1) had no effect on virus replication. Bars represent mean + s.e.m., n = 2.](srep32288-f5){#f5}
